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A B S T R A C T
Cleaner fish used as a biological control agent against salmon lice is rapidly increasing in Atlantic salmon
aquaculture. However, concerns have been raised about the welfare and mortality of cleaner fish in salmon cage
systems, which could in turn affect their performance in controlling salmon lice. In a 4-month autumn-winter
study, we monitored growth, welfare, mortality and daytime depth distribution of the most commonly used
cleaner fish, farmed ballan wrasse and lumpfish, in six salmon production sea cages where thermo- and halo-
clines were present. Ballan wrasse did not grow (SGR: small: −0.01% day−1, large: −0.06% day−1), while
lumpfish significantly doubled in size (SGR: 0.87% day−1) during the study. High losses (registered mortality +
unregistered loss) were observed in both species (57 and 27% of ballan wrasse and lumpfish, respectively). The
welfare status of remaining individuals generally improved over the study period, regardless of species. Brief
daytime camera observations at hides found ballan wrasse were typically deeper at warmer (median 12.4 °C)
more saline (median 31.7 ppt) depths, where salmon were expected to reside during day periods, compared to
lumpfish generally occupying colder (median 7.3 °C), brackish (median 18.9 ppt) water in surface layers.
Considerable mortalities, minimal feeding (inferred from ceased growth) by ballan wrasse and a possible mis-
match in lumpfish and salmon depths (inferred from limited daytime camera observations) suggest that cleaner
fish may have low long-term effectiveness against salmon lice in stratified salmon sea cages over autumn-winter.
Similar studies across seasons, locations and cage types (e.g. depth-based cage technologies) are vital to un-
derstand the extent of these issues in salmon aquaculture more broadly.
1. Introduction
The primary obstacle to production growth for the world's largest
finfish mariculture industry, sea-cage Atlantic salmon Salmo salar
farming (FAO, 2019), is the ectoparasitic salmon louse Lepeophtheirus
salmonis. Due to potential negative impacts on wild salmonid popula-
tions from farm-produced lice (Krkošek et al., 2011; Kristoffersen et al.,
2018), the Norwegian government have enforced production volume
limits and treatments when infestations exceed 0.5 adult females per
fish (0.2 adult females during the out-migration of wild salmon, weeks
16–21) (Lovdata, 2012, 2017). This led the Norwegian industry to
spend>5 billion NOK (or €425 million at present currency exchange
rates) in 2015 in attempts to control the parasite, with costs likely to
have continued to rise since then (Brooker et al., 2018a). Several
delousing methods are currently in use, such as chemical, thermal and
mechanical treatments. However, these methods can result in poor
welfare and increased mortalities (Overton et al., 2018a, 2018b), in
addition to salmon lice developing a resistance to many of the chemical
therapeutants (Grøntvedt et al., 2013; Aaen et al., 2015; Helgesen et al.,
2015). Lice-eating cleaner fish on the other hand, have become widely
accepted as a biological control of salmon lice due to a lack of negative
effects on salmon welfare compared to chemical or physical delousing
methods (Deady et al., 1995; Treasurer et al., 2002; Skiftesvik et al.,
2013; Imsland et al., 2014a).
Wild-caught wrasse species from the Labridae family, primarily
ballan (Labrus bergylta), corkwing (Symphodus melops) and goldsinny
wrasse (Ctenolabrus rupestris) (Deady et al., 1995; Treasurer et al.,
2002), were first used as cleaner fish in salmon aquaculture in the late
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1980s (Bjordal, 1988, 1991). In recent years, their use in Norway has
dramatically increased from 1.7 million cleaner fish in 2008 to over 54
million in 2017 (Norwegian Directorate of Fisheries, 2019). To meet the
increasing demand, cleaner fish supply has shifted from being ex-
clusively of wild-caught origin to being increasingly hatchery-pro-
duced, which has also improved stock quality and sustainability. Cur-
rently there are two species farmed; ballan wrasse (L. bergylta) and
lumpfish (Cyclopterus lumpus) (Brooker et al., 2018b), and in 2017,
around 56% (29.7 million lumpfish and 1.0 million ballan wrasse) of all
stocked cleaner fish in Norway were hatchery-produced (Norwegian
Directorate of Fisheries, 2019).
Although typically cohabiting in salmon sea cages, ballan wrasse
and lumpfish differ widely in their biology and life history. Ballan
wrasse are a temperate species, inhabiting shallow coastal rocky reefs
and kelp beds< 30 m (Dipper et al., 1977; Figueiredo et al., 2005;
Villegas-Ríos et al., 2013) in the north-east Atlantic, from Morocco to
southern Norway (Quignard and Pras, 1986; Porteiro et al., 1996).
Contrastingly, lumpfish is a cold-water semi-pelagic species (Blacker,
1983; Daborn and Gregory, 1983; Ern et al., 2016) dwelling in coastal
and offshore habitats, often in association with floating seaweed
(Davenport, 1985; Ingólfsson and Kristjánsson, 2002; Kennedy et al.,
2016) across the North Atlantic (Stein, 1986). Lumpfish lack a swim
bladder but possess an abdominal suction disc formed by a modified
pelvic fin (Budney and Hall, 2010) which allows it to adhere onto
different surfaces (Imsland et al., 2015). Both species are diurnal (Morel
et al., 2013; Villegas-Ríos et al., 2013; Imsland et al., 2015) and neither
species are fast swimmers such as Atlantic salmon (Hvas et al., 2018;
Yuen et al., 2019). Shelters and hides are therefore offered in sea cages
for nocturnal resting, in addition to provide protection from strong
currents, rough weather and winter conditions. Due to higher activity
with increasing temperature (Yuen et al., 2019) and becoming seden-
tary at temperatures below 10 °C (Morel et al., 2013), ballan wrasse are
often preferred stocked during summer months, while active feeding at
low temperatures (Nytrø et al., 2014) as well as a preference and high
physiological tolerance to cooler temperatures (Hvas et al., 2018;
Mortensen et al., 2020) has led salmon farmers preferring to stock
lumpfish during winter months (Brooker et al., 2018b; Eliasen et al.,
2018; Imsland et al., 2018d) and in northern Norway (Barrett et al.,
2020). While stocking timing may vary, all cleaner fish species can
occupy salmon sea cage environments throughout annual cycles, de-
spite possessing different physiological limits and preferences to en-
vironmental variables.
Environmental preferences may override typical depth distributions
of cleaner fish species when strong vertical gradients in temperature
and salinity are present (Oppedal et al., 2011a). Lumpfish have a low
thermal range and die from extended periods at 18 °C (Hvas et al.,
2018), which likely results in a preference for depths of cooler tem-
perature. Whereas ballan wrasse, which display low activity and be-
come sedentary at temperatures below 10 °C (Morel et al., 2013; Yuen
et al., 2019), are expected to prefer depths of warmer temperature. Both
species are marine-adapted fish but can tolerate brackish water (Sayer
and Reader, 1996; Skiftesvik et al., 2018; Treasurer and Turnbull,
2019). However, ballan wrasse and lumpfish may both prefer depths of
high rather than low salinity (Sayer et al., 1993; Powell et al., 2018). It
is unknown how each cleaner fish species responds to competing en-
vironmental preferences (e.g. temperature and salinity), but this is key
to understanding their depth distribution and interactions with salmon
in sea cages.
The commercial use of cleaner fish comes with a responsibility to
secure their welfare and survival according to animal welfare legisla-
tion (Lovdata, 2008). Reports of poor cleaner fish survival in com-
mercial salmon sea cages is cause for concern (Nilsen et al., 2014;
Skiftesvik et al., 2014; Mo and Poppe, 2018; Stien et al., 2020). A short
6-week trial involving 5 m deep sea cages recorded high ballan wrasse
losses (14.8%) compared to salmon (0.03%) and noted that many losses
were not confirmed mortalities at dead fish collection (Skiftesvik et al.,
2013). Longer studies in larger salmon sea cages are needed that
carefully monitor a) registered mortalities at regular dead fish collec-
tions, and b) additional unregistered losses at final whole-of-cage
counts of cleaner fish (Overton et al., 2020). Conducting such in-
vestigations in a range of environments and sea cage types (Nilsen
et al., 2017; Stien et al., 2018; Geitung et al., 2019; Glaropoulos et al.,
2019) is required to fully grasp the extent of the issue and potential
solutions which would improve the effectiveness of this biological
control.
Here, over autumn-winter at a location with thermoclines and ha-
loclines present, we monitored growth, welfare, registered mortality
and unregistered loss of the two most common cleaner fish species,
farmed ballan wrasse and lumpfish, in salmon production sea-cages
over four months. We also explored the effects of Floy and Passive
Integrated Transponder (PIT) tags, which are increasingly used in
cleaner fish research (Imsland et al., 2014b, 2016a, 2018c), on growth,
welfare and mortality by comparing tagged to untagged individuals. We
hypothesised ballan wrasse to have more welfare issues and mortalities
than lumpfish during the winter period when they feed less and become
more inactive. Brief daytime camera observations at hides also mon-
itored daytime depth distribution of cleaner fish throughout the study,
with the expectation that lumpfish and ballan wrasse would prefer
cooler and warmer depths, respectively, but that both marine-adapted
species would avoid low salinity depths.
2. Material and methods
2.1. Experimental setup
The study was conducted in six steel framed sea cages (12 × 12 m
square, 12 m deep) at the Institute of Marine Research sea-cage farm
facility (Solheim, Masfjorden commune; 60.9° N, 5.46° E) from 17
October 2018 to 20 February 2019 (126 days). The farm is situated in
the end of a long fjord system and is rarely affected by strong currents
or rough seas. Atlantic salmon (Salmo salar, Aquagen strain) were
stocked two months before the beginning of the present trial, with
6000–6280 salmon per cage at a mean weight of 240–320 g.
Ballan wrasse were supplied by Mowi ASA in two different year
classes termed “small” (n= 900, initial weight ± SD= 33.5 ± 9.0 g)
and “large” (n= 180, initial weight ± SD = 96.0 ± 18.4 g). “Small”
ballan wrasse were transported directly from the Mowi Øygarden site
while “large” ballan wrasse were transported from Institute of Marine
Research, Matre (previously delivered from Mowi Øygarden and con-
tinued reared at IMR facilities). They were both transported in vehicles
with holding tanks (“large”: 43.3 kg/m3 and “small”: 60.2 kg/m3) and
were oxygenated and monitored for the duration of these periods.
Lumpfish were obtained from Institute of Marine Research (n = 900,
initial weight ± SD = 53.0 ± 14.1 g) and vaccinated with AMARINE
micro 3–1 (Pharmaq AS, Oslo, Norway). They were transported by boat
in holding tanks (15.9 ± 0.2 kg/m3) with oxygen distributed and
monitored throughout the transport. Sedation was not added to the
holding tanks during transport. The cleaner fish were regularly mon-
itored and screened for diseases (ex. Amoebic Gill Disease) following
normal guidelines in the rearing phase. Ballan wrasse were transported
and deployed at the farm on 17 October 2018, while lumpfish were
transported and deployed six weeks later on 28 November 2018.
Cleaner fish were divided equally between sea cages, with 150 lump-
fish, 150 small ballan wrasse and 30 large ballan wrasse in each cage.
The cleaner fish were slowly introduced to the sea cages at the surface
in close proximity to the hides.
One artificial kelp station (Krantare™, NorseAqua, Norway), with 6
ropes of 10 m depth each, was placed across a corner of each sea cage as
substrate and shelter for the cleaner fish. This amounts to 5.5 cleaner
fish per metre of artificial kelp and is within the recommended amount
of 15–50 cleaner fish per metre of artificial kelp (Lusedata.no, 2017;
Rabadan, 2018). Ballan wrasse were offered feeding blocks (Symbio
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Blocks, BioMar AS, Norway) at five depths (1, 3, 5, 7 and 9 m) near the
shelters, while lumpfish were offered pellet feed (2 mm pellets, Atlantic
Gold, Pacific Trading Aqua Ltd., Ireland) dispersed at the surface near
the shelters from an automatic feeder (Rognkjeksautomat, NorseAqua,
Norway) for four hours every day. All cages were checked for registered
mortalities at daily dead fish collections and the number and species
were recorded. Dead fish collection was not performed the day after
stocking events due to anecdotal evidence from farmers that live
cleaner fish would reside at the cage bottom at this time and were likely
to be pumped out. Ballan wrasse were not distinguishable between
“small” and “large” sizes when recording registered mortalities at dead
fish collection. In addition, due to a PIT tag reader malfunction and
uncertainty of tag presence when cleaner fish were decomposing, tag
type was also not included in the registered mortality data. Daily sali-
nity and temperature depth profiles (0–17 m) were recorded by an
automatic profiling CTD (Conductivity, Temperature and Depth) buoy
(APB5, SAIV AS, Norway) at a reference location on the outer end of the
farm facility.
One day after lumpfish transfer, a hole (30 × 16 cm) at 10–12 m
depth was discovered and repaired in the net wall of one of the sea
cages. This was suspected to cause the mass escape of ballan wrasse
from this cage as only 5 (3.3%) ballan wrasse were left at the end of the
trial, leading to abnormally high unregistered losses. Therefore, this
cage was removed and only 5 cages were used in analyses involving
ballan wrasse. However, this did not appear to affect registered mor-
talities and unregistered losses of lumpfish, with similar mortalities and
losses between the cage with a hole and the other cages, and so all six
cages were used in lumpfish analyses.
At the termination of the study, the net bottom was lifted, and
cleaner fish were sorted from salmon and netted out for whole-of-cage
counts to determine unregistered losses in each sea cage. Artificial kelps
were lifted out of the water and closely inspected to retrieve fish that
were still attached to (lumpfish) or within it. Finally, cleaner fish of
both species were collected and counted after an overdose of anaes-
thetic (100 mg L−1, Finquel®vet., ScanAqua AS, Årnes, Norway).
2.2. Tagging
Prior to stocking, two-thirds of the cleaner fish (600 lumpfish, 600
small ballan wrasse and 120 large ballan wrasse) were anesthetised
(60 mg L−1, Finquel®vet., ScanAqua AS, Norway) and half were tagged
intraperitoneally with a Passive Integrated Transponder (PIT)
(2 × 12 mm) while the other half were tagged with a Floy tag
(1.2 × 55 mm, anchor: 7 mm) in dorsal musculature below the dorsal
fin. After tagging, fish were returned to a seawater bucket and mon-
itored for recovery until upright swimming resumed, at which point
they were transferred to the sea cages. The remaining cleaner fish (300
lumpfish, 300 small ballan wrasse and 60 large ballan wrasse) were
transferred directly to the sea cages.
2.3. Growth and welfare
All tagged cleaner fish at the start of the trial and all remaining
cleaner fish at the termination of the trial were individually weighed
and measured for length. From this, Fulton's condition factor
(K = 100 ×W L−3, where W is the weight of the fish and L corresponds
to the total length) was calculated to estimate cleaner fish condition.
The condition factor of lumpfish is higher than most other teleost, but
the species follow an isometric growth pattern so the method of using
condition factor is valid (Coull et al., 1989), and has been used as an
indicator in several papers describing lumpfish growth (ex. Imsland
et al., 2014a, 2018a, 2018b, 2019b). Specific growth rate (SGR) was
calculated according to the formula of Houde and Schekter (1981)
SGR= (eg − 1) × 100, where g= ln (W2) − ln (W1) / (t2 − t1) andW2
and W1 are weights on days t2 and t1, respectively. In addition, cleaner
fish were scored according to 7 welfare indicators (fins, skin, eyes, jaw
and sucker disc deformity, snout, opercula) based on Operational
Welfare Indicators (OWI) from RENSVEL (Noble et al., 2019a, 2019b),
Gentry et al. (2020) and Katharine Gentry, pers. comm. (Table 1). At
the start of the trial, Floy tagged cleaner fish were scored, while at the
termination of the trial a subsample of the remaining tagged and un-
tagged cleaner fish were scored (Table 2).
2.4. Daytime depth distribution
Daytime depth distribution of cleaner fish was monitored by brief
underwater camera observations at hides (Imenco Gemini Aquaculture
camera, Imenco AS, Norway) two to four times per week for 12 weeks
(42 times during the experimental period). The cameras were situated
outside the corner hides, with the ability to be moved up and down by a
winch and rotate 360° in the horizontal plane. Depth distribution at
hides was classified by performing 1 min observations at each metre
from the surface (0 m) down to 16 m, recording the numbers of both
cleaner fish species present at each depth. The observations were per-
formed between 10 and 12 am; the period cleaner fish are most active
(Blanco Gonzalez and de Boer, 2017; Brooker et al., 2018b; Powell
et al., 2018) and believed to be interacting with salmon to remove lice.
Although camera observations only gave a snapshot of fish depth be-
haviour (e.g. compared to continuous monitoring by implanted elec-
tronic tags), they were chosen here to a) provide data on large sample
sizes, b) minimally disturb fish behaviour, and c) monitor during day-
light when interactions between cleaner fish and salmon are expected.
Ballan wrasse size was not recorded in the depth observations due to
difficulties in determining size from camera observations and therefore
ballan wrasse distribution data included both small and large ballan
wrasse.
2.5. Data analysis
Data analyses were performed using R software v.3.1.0 (package
stats, R Core Team (2019)). Data are presented as mean ± standard
error, unless otherwise stated. Data were checked for variance and
normality and the significance level was set at P < .05. To compare
specific growth rate values between tag types (i.e. untagged, Floy
tagged, PIT tagged) for each cleaner fish species, a one-way ANOVA
was used (function aov). A two-way ANOVA (function aov) was used to
compare the effects of sample time and tag types on weight and con-
dition factor. Lumpfish weight data were ln-transformed in order to
satisfy the assumptions of parametric analysis. To test for effects of
Table 1
Scores and definitions of welfare indicators.
Score Definition
Fins 1 No erosion, splitting or rays exposed
2 Any minor damage on fins; up to 60% deep fin
split, or 1–2 splits, or up to 50% erosion
3 Split of > 60% depth, or 3+ splits, or > 50%
erosion
Skin 1 No damage
2 Some skin damage (< 0.5 cm2) or previous
wounds (evidence of scars)
3 Wound present (> 0.5 cm2)
Eyes 1 No damage
2 Some minor damage to one or both eyes, but
still some vision in both eyes
3 Blind in one or both eyes, or at least > 50%




1 Damage or wound present
Snout 0 No damage
1 Damage or wound present
Opercula 0 No damage
1 Damage or wound present
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mortality, percentage values were arcsine transformed before input to
Welsh two-sample t-test (function t.test) or one-way ANOVA (function
aov) as recommended by Crawley (2007). Fishers Exact Test were used
to compare welfare scores between first and last sample points and
between different tag types (function fisher.test). Following Nakagawa
(2004) we did not use Bonferroni or similar adjustments to correct for
multiple comparisons of welfare indicators to be able to observe sig-




During the experimental period, temperature followed normal
seasonal variations (Oppedal et al., 2011a) (Fig. 1a). Throughout the
trial there was a distinct thermocline, with warm deep waters and
cooler surface waters. The highest temperatures were observed at the
beginning of the trial of up to 16 °C in deeper waters, and temperatures
cooled to 6–8 °C in deeper waters and 2–4 °C in surface layers at the end
of the study. Salinity varied through the trial with long periods of
brackish water (< 16 ppt) between 0 and 5 m (Fig. 1b).
3.2. Growth
Ballan wrasse condition decreased, and weight did not change
during the trial (Fig. 2) for both sizes and tag types (i.e. untagged, Floy
tagged, PIT tagged). In contrast, lumpfish increased in both weight and
condition factor, with their mean weight doubling over the trial period,
regardless of tagging (Fig. 2). There was no effect from either tag type
Table 2
Proportions of welfare scores for small ballan wrasse, large ballan wrasse and lumpfish (fins, skin, eye score ≥ 2; deformities (jaw, sucker disc), snout, opercula
score ≥ 1). For each fish type, the start values are from a single sample before stocking, while the end values are mean (± SE) values from samples of individual
cages. Higher scores indicate deviance from normal condition (fins, skin, eye score = 1–3; deformities (jaw, sucker disc), snout, opercula score = 0–1). **p < .01,
***p < .001.
Parameter Small ballan wrasse Large ballan wrasse Lumpfish
Start (n = 67) End (n = 87) Start (n = 50) End (n = 76) Start (n = 91) End (n = 120)
Dorsal fin (scores ≥2) 44.8% 22.1 ± 3.6% ** 64.0% 33.2 ± 6.2% ** 7.7% 7.1 ± 1.7%
Anal fin (scores ≥2) N/A N/A N/A N/A 3.3% 4.5 ± 2.9%
Pectoral fin left (scores ≥2) 98.5% 94.5 ± 3.4% 100% 96.1 ± 1.6% 6.6% 5.3 ± 1.9%
Pectoral fin right (scores ≥2) 98.5% 97.8 ± 1.4% 100% 96.1 ± 1.6% 13.2% 5.8 ± 2.1%
Caudal fin (scores ≥2) 71.6% 63.4 ± 6.0% 86.0% 60.7 ± 5.9% ** 82.4% 74.3 ± 5.0%
Skin condition (scores ≥2) 14.9% 21.0 ± 3.4% 26.0% 27.5 ± 7.9% 3.3% 4.0 ± 2.5%
Eye condition (scores ≥2) 0.0% 3.9 ± 2.5% 0% 2.9 ± 1.8% 0% 16.4 ± 4.0% ***
Jaw deformity (scores ≥1) 10.4% 7.6 ± 4.3% 22.0% 12.6 ± 4.8% 0% 0.0 ± 0.0%
Sucker disc deformity (scores ≥1) N/A N/A N/A N/A 0% 0.0 ± 0.0%
Snout damage (scores ≥1) 0.0% 0.0 ± 0.0% 0% 0.0 ± 0.0% 0% 0.0 ± 0.0%
Opercula damage (scores ≥1) 0.0% 1.2 ± 1.2% 0% 0.0 ± 0.0% 0% 0.0 ± 0.0%
Fig. 1. Daily depth profiles between 0 and 17 m of a) temperature and b) salinity from a reference location at the outer end of the farm at Solheim, Norway.
L. Geitung, et al. Aquaculture 528 (2020) 735623
4
compared to untagged individuals in terms of growth or condition
factor for both species (F ≤ 2.758, p > .08).
3.3. Mortality and losses
Registered accumulated mortalities of ballan wrasse and lumpfish
were similar over the study period, 7.2 ± 1.3% and 9.9 ± 2.3%,
respectively, while registered salmon mortality was considerably lower
at 0.3 ± 0.1% during the same time interval (Fig. 3). When accounting
for deployment interval disparities, there was no difference in regis-
tered mortalities between ballan wrasse or lumpfish (0.06 ± 0.01%
day−1 vs. 0.12 ± 0.03% day−1, t = −2.1466, p = .068). Ballan
wrasse stocking was immediately followed by a rise in mortalities,
while lumpfish mortalities were largely absent until a spike in mid-
January or week 6 after deployment. Based on the remaining cleaner
fish at whole-of-cage counts at the end of the trial, there were sub-
stantial additional unregistered losses leading to a cumulative total loss
of ballan wrasse and lumpfish of 56.8 ± 1.7% and 27.3 ± 1.7%,
respectively (Fig. 3). After correcting for different deployment intervals,
ballan wrasse had higher total losses than lumpfish (0.45 ± 0.01%
day−1 vs. 0.33 ± 0.02% day−1, t = 4.8113, p < .001). Tagged (floy
and PIT respectively) ballan wrasse had similar total cumulative losses
to untagged individuals (60.2 ± 3.5% and 58.3 ± 1.8% vs.
52.0 ± 2.7%, F = 2.402, p = .133), as did tagged lumpfish
(25.4 ± 3.0% and 32.0 ± 3.1% vs. 24.3 ± 1.9%, F = 2.173,
p = .148).
3.4. Welfare
Welfare scores generally improved during the course of the trial for
both cleaner fish species (Table 2). Large ballan wrasse had better
dorsal and caudal fins at the end of the study (Table 2), with a higher
proportion of untagged individuals showing better dorsal fin scores
than tagged individuals (17.6 ± 5.0% vs. 41.6 ± 9.4%, p = .001,
Fishers Exact Test, FET), and a lower proportion of Floy tagged in-
dividuals showing an improvement in caudal fin damage than untagged
individuals (80.3 ± 5.5% vs. 42.9 ± 12.2, p = .022, FET) (Supple-
mentary Table 1). Fin damage was the most common issue for both
ballan wrasse and lumpfish, with caudal fin damage most prevalent for
lumpfish, while ballan wrasse experienced a high prevalence of both
caudal and pelvic fin damage (Table 2). For lumpfish, eye condition
decreased during the trial (Table 2), and poor eye condition was seen in
a higher proportion of tagged compared to untagged individuals
(19.9 ± 5.3% vs. 5.2 ± 3.5%, p = .0345, FET) (Supplementary
Table 1). These patterns were not evident for ballan wrasse (Table 2).
3.5. Daytime depth distribution
From brief daytime observations at hides, the two cleaner fish
species appeared to exhibit different daytime depth distributions and
environmental preferences (Fig. 4). Ballan wrasse were observed pre-
dominantly below the halocline and thermocline (pycnocline) present
at 2–4 m depth (Fig. 4a) while lumpfish were mainly above the
Fig. 2. Overview of a) mean weight (g); b) condition factor (K) and c) specific
growth rate (% day−1) from the initial and final sampling points for untagged,
floy tagged and PIT tagged lumpfish, small and large ballan wrasse.
***p < .001.
Fig. 3. Overview of mean (± SE) registered mortality (lines) for ballan wrasse,
lumpfish and salmon as well as mean (± SE) total losses (dots) for ballan
wrasse and lumpfish. Registered mortality is taken from daily mortality regis-
trations while total losses was calculated at the end of the experiment based on
how many individuals were left in the cages.
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Fig. 4. Depth distribution of a) ballan wrasse and b) lumpfish from brief underwater camera observations at hides every 2–3 days with 1 min observation at every
metre from 0 to 16 m depth. Lumpfish was added to the cages four weeks after ballan wrasse.
Fig. 5. Boxplots showing range of a) temperature and
b) salinity values measured throughout the water
column inside the cages as well as temperature and
salinity conditions experienced by both ballan wrasse
and lumpfish based on their depth from each ob-
servation day from the deployment of lumpfish to the
end of study (study day 44–126).
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pycnocline (Fig. 4b). Compared to the available temperatures (median
11.1 °C) in the water column, ballan wrasse tended to select slightly
warmer depths (median 12.4 °C) and lumpfish selected cooler depths
(median 7.3 °C) (Fig. 5a). While compared to the available salinities
(median 32.4 ppt), ballan wrasse selected depths of higher salinity
(median 31.7 ppt) and lumpfish selected depths of considerably lower
salinity (median 18.9 ppt) (Fig. 5b). Both cleaner fish species were
observed in lower cage sections at the first observation after stocking,
before adjusting to shallower depths (Fig. 5).
4. Discussion
Farmed cleaner fish (ballan wrasse and lumpfish) are becoming the
dominant species used as biological controls against salmon lice in the
Atlantic salmon farming industry (Brooker et al., 2018b). In this au-
tumn-winter study in salmon production cages, we show that temperate
ballan wrasse (Yuen et al., 2019) failed to grow, while cold-water
specialist lumpfish (Ern et al., 2016; Hvas et al., 2018) doubled in
weight, suggesting that ballan wrasse may under-perform as a biolo-
gical control agent compared to lumpfish over this period. In addition,
total cumulative losses were high in both cleaner fish species (27–57%)
within our 4-month sea cage trial, suggesting that losses are a key factor
in explaining the performance of cleaner fish as biological controls.
Finally, brief camera observations suggested that these cleaner fish
species vary in their daytime depth distribution and preference for
environmental variables in sea cages, which may lead to species-spe-
cific differences in salmon-cleaner fish interactions.
Over the course of the study ballan wrasse showed a negative
growth rate and had reduced condition, while in lumpfish, weight
doubled, and their condition improved. This supports the notion that
wrasse species enter a dormant phase and discontinue feeding in cooler
winter periods (Sayer and Davenport, 1996; Sayer and Reader, 1996;
Morel et al., 2013; Yuen et al., 2019). The increased weight by a growth
factor of 0.87% day−1 and improved condition of lumpfish, on the
other hand, indicated they were actively feeding. The observed growth
rate was similar to a previous study in commercial scale salmon sea
cages spanning autumn-winter months (0.68% day−1) (Imsland et al.,
2018d), but faster growth rates have been recorded in tank trials over a
range of temperatures (Nytrø et al., 2014). Our findings suggest that
lumpfish but not ballan wrasse will actively feed during autumn-winter
periods in salmon sea cages. However, as lumpfish prefer colder tem-
peratures (Mortensen et al., 2020) a repeat of the study during spring-
summer could be interesting to observe if ballan wrasse out-perform
lumpfish in warmer conditions.
Total losses were high regardless of cleaner fish species, reaching
27% (0.33% day−1) in 12 weeks for lumpfish and 57% (0.45% day−1)
in 18 weeks for ballan wrasse. This draws attention to current concerns
about the utilization of cleaner fish in salmon aquaculture (Nilsen et al.,
2014; Mo and Poppe, 2018). According to industry reports, cleaner fish
mortalities in commercial sea cages range from 18 to 48%, with in-
dividual farms observing up to 100% mortality or loss (Nilsen et al.,
2014). A recent study reported> 65% mortality of ~193,000 cleaner
fish in 12 commercial salmon sea cages during most of a production
cycle (Bui et al., 2018) and a recent industry survey reported a regis-
tered cleaner fish mortality of 42% (Stien et al., 2020). Such high re-
gistered mortalities and unregistered losses over short periods as de-
scribed here, have rarely been observed in more controlled studies
using small-scale sea cages and highlight the need for larger scale ex-
periments to gather industry relevant data on both mortalities and
losses. Heavy losses of cleaner fish in this study and in other commer-
cial-scale sea cage studies suggest that this could be a major determi-
nant of their long-term effectiveness in controlling salmon lice in
salmon sea cages.
Primary causes of cleaner fish mortality or loss are purportedly es-
cape, disease, handling and predation (Nilsen et al., 2014; Skiftesvik
et al., 2014). Most losses in this study were unregistered, especially for
ballan wrasse, making it difficult to determine an exact cause of death.
However, registered mortalities of ballan wrasse spiked in the first two
weeks after stocking, suggesting that initial acclimation, handling and
dead fish pumping played a role. Acclimatization of farmed ballan
wrasse to sea cage conditions before stocking have been suggested to
make them more efficient biological control agents (Brooker et al.,
2020), however further studies is required to determine if this would
improve cleaner fish welfare and survival. Pumping of live fish from the
cage bottom (16 m depth here and 20–40 m depth in commercial sea
cages) would be most harmful to physoclistous ballan wrasse, as their
closed swim bladder can over-inflate causing barotrauma from rapid
depth changes towards the surface (Helfman et al., 2009). In contrast,
lumpfish lack a swim bladder (Davenport and Kjørsvik, 1986). Lump-
fish registered mortalities were low after stocking, but increased in mid-
January when temperatures in surface waters occupied by this species
(0–4 m) decreased to<4 °C for several days. Imsland et al. (2018d)
also reported high registered mortalities of lumpfish at tempera-
tures< 4 °C, which may represent the lower thermal niche of the
species. However, no lumpfish mortalities have been registered in
smaller scale tank studies at temperatures ≤4 °C (Nytrø et al., 2014;
Hvas et al., 2018). Low temperatures may also have explained ballan
wrasse mortality, although this species tended to reside in depths with
warmer waters during the winter period. Loss of wrasse during winter
has often been observed in commercial sea cages (Bjelland et al., 1996;
Sayer and Reader, 1996; Treasurer et al., 2002). There were no reports
of disease outbreaks during the study, however disease cannot be ruled
out as a factor contributing to the large numbers of unregistered losses.
Another reason could have been that dead ballan wrasse may get stuck
and decompose on the net side and are therefore not taken up by the
dead fish pumping system. In addition, ballan wrasse are often asso-
ciated with net sides and corners (Tully et al., 1996; Leclercq et al.,
2018), so predation of resting or dead cleaner fish from outside pisci-
vorous predators (Dempster et al., 2009; Uglem et al., 2014; Stien et al.,
2020) could also explain the unregistered losses. While lumpfish mor-
talities were similar between all cages, almost 100% ballan wrasse loss
in one cage was attributed to mass escape through a hole (the cage was
discounted from ballan wrasse mortality analysis). As ballan wrasse
escaped so efficiently in this one cage, one may argue that the 50–60%
loss in the other cages was most likely due to other causes, however,
smaller less detectable holes could be another potential source of the
high unregistered losses in other cages. We therefore suggest that
handling, cold water, predation, escapees and possibly disease con-
tribute to cleaner fish losses in salmon sea cages over autumn-winter.
Of the welfare indicators assessed, fin damage (degree of splitting
and erosion) was the most common issue for both cleaner fish species,
which is in accordance with other studies (Treasurer and Feledi, 2014;
Gentry et al., 2020). However, damage here was not only acquired in
sea cages, as fin splitting and erosion was prevalent before trial com-
mencement. During the trial some welfare indicators (fin and jaw da-
mage) for both cleaner fish species improved, either due to healing or
mortalities of individuals experiencing poor welfare, thereby “im-
proving” the welfare condition of remaining fish. The only indicator
that deteriorated was lumpfish eye condition which reached a moderate
level of cataract prevalence and severity. Only severe cataracts are
expected to reduce feed intake (Savino et al., 1993), which were not
observed over the 12-week study. However, cataract prevalence and
severity has been shown to increase with time (Jansson et al., 2017;
Imsland et al., 2018c, 2019a). Therefore, this may become problematic
over extended periods and impact their ability to prey on lice and
source feed for growth and survival.
Ballan wrasse and lumpfish displayed different daytime depth dis-
tributions based on brief camera observations at hides. During day
periods ballan wrasse were rarely observed above the thermocline or
halocline, seemingly preferring the highest temperatures and salinities
available deeper in the cage. This coincides with vertical behaviours
previously observed (Leclercq et al., 2018), higher activity and coping
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at warmer temperatures up to 25 °C (Yuen et al., 2019), and avoidance
of low salinity habitats (Sayer et al., 1993; Tully et al., 1996). In con-
trast, lumpfish stayed at the surface during all the daytime observa-
tions, seemingly preferring cold, brackish water. This could be ex-
plained by lumpfish being a cold water species (Ern et al., 2016) that
fail to cope with temperatures> 15 °C (Hvas et al., 2018), and which
tolerate periods in both fresh- and brackish water despite being marine-
adapted (Skiftesvik et al., 2018; Treasurer and Turnbull, 2019). The
surface daytime depth use by lumpfish in this study was at odds with
the expected deeper daytime swimming depths of salmon, due to sur-
face avoidance in daylight and a temperature preference of ~16 °C
(Oppedal et al., 2011a). This suggests that stratified sea-cage conditions
over autumn winter may result in lumpfish having limited salmon in-
teractions in day periods, when they are thought to be most active
(Brooker et al., 2018b; Powell et al., 2018).
While ballan wrasse and lumpfish stocked together were studied
here, single species stocking or combined species stocking where more
than two cleaner fish species are used can occur and could alter how
fish behave. For instance, lumpfish is the only species stocked in
Northern Norway and when using wild-caught wrasse several species
are often stocked together (i.e. goldsinny, corkwing, cuckoo and ballan
wrasse) (Barrett et al., 2020). Lumpfish have been shown to be ag-
gressive towards each other in tank rearing phases (Noble et al., 2019a)
and towards goldsinny wrasse in small (1.5 m3) tanks (Imsland et al.,
2016b). However, in larger cage-based studies no apparent intra- or
interspecific aggression has been observed (Imsland et al., 2014b,
2016a; Skiftesvik et al., 2018) and the cleaner fish species displayed
similar depth preferences regardless of which species they were stocked
together with (Skiftesvik et al., 2018). Thus, the authors suspect that
depth distributions may vary little between the stocking of one or more
cleaner fish species, but further study is required to test this hypothesis.
Neither of the two tag types (Floy - 1.2 × 55 mm, anchor: 7 mm and
PIT - 2 × 12 mm) used during this study had a major influence on
growth or mortality of ballan wrasse or lumpfish. Several previous
studies have used these tag types on lumpfish (Imsland et al., 2014b,
2016a, 2018c), but did not assess tagging effects compared to untagged
fish. Using larger acoustic tags (6.8 × 20.0 mm), on 115 g ballan
wrasse and 281 g lumpfish, Leclercq et al. (2018) observed high tag
signal loss due to reasons that included mortality, and tagging effects
compared to untagged fish was not assessed. While not necessarily the
case in all instances, large tags and the tagging process can lead to
potential negative effects, such as altered behaviour, decreased swim-
ming performance, reduced feeding and growth, and increased mor-
tality (Cooke et al., 2011; Thorstad et al., 2013; Jepsen et al., 2015;
Wright et al., 2018), and it is therefore important to be aware of these
effects when choosing to use tags. Our study suggests smaller Floy and
PIT tags have minor effects on growth, welfare and mortality, but there
is still the possibility that these tags could cause deviations from normal
behaviour.
High losses of the most commonly stocked farmed ballan wrasse and
lumpfish in salmon sea cages, observed here, could be a) severely re-
ducing the effectiveness of this biological agent as a lice control method
and b) markedly increasing the expense needed to replace cleaner fish
stocks. The potential for substantial cleaner fish mortalities in the
salmon industry also raises an ethical dilemma about the widespread
use of cleaner fish (Hvas and Oppedal, 2019; Stien et al., 2019; Yuen
et al., 2019). Farmed ballan wrasse appeared prone to escape from sea
cages and if escape is a major source of unregistered mortalities or
losses in salmon sea cages, hybridization with wild populations could
be significantly weakening the genetic composition and local popula-
tion structure (Faust et al., 2018). Autumn-winter conditions and as-
sociated low water temperatures halted growth and reduce condition in
ballan wrasse, and so this species may be unlikely to substantially re-
duce lice during such periods. In contrast, cold water specialist lumpfish
appear to feed and grow well over autumn-winter periods, but a stra-
tified environment could cause them to occupy cooler surface waters
during the day when salmon are predicted to swim in warmer, deeper
waters (Oppedal et al., 2011a, 2011b, 2019). These environments may
also drive a lack of interaction between salmon and lumpfish. It is
hoped that this study expedites broader research into the status and
optimised husbandry of cleaner fish in the full range of situations the
animals are used in salmon farming, including different locations,
seasons and sea cage types (e.g. lice barrier skirt or snorkel cages,
submerged cages, enclosed cages) (Korsøen et al., 2012; Nilsen et al.,
2017; Stien et al., 2018; Geitung et al., 2019; Glaropoulos et al., 2019).
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